Two kinds of carbonate reference materials, coral (JCp-1) and giant clam (JCt-1), were subjected to neutron activation analysis (NAA) using the Kyoto University Reactor in order to determine the halogen contents (Cl, Br, and I), as well as the abundances of a few other elements in these materials. The results from the present study are in agreement with previously reported data using this technique. However, inconsistencies are observed between the NAA data and data derived from inductively coupled plasma mass spectrometry studies for some elements. From a comparison of the halogen contents in the two carbonate reference materials with those in sedimentary rocks, differences in the mode of formation of the two carbonates are discussed.
Introduction
Geochemists are often interested in the abundance of halogen elements in geochemical materials such as crustal rocks, mantle materials, and meteorite samples, because halogens play an important role in investigating the petrogenesis of such materials and assist in tracing their origins and/or precursor materials [1] [2] [3] . In our previous work, radiochemical neutron activation analysis (RNAA) was refined to accurately determine even trace amounts of halogens (chlorine, bromine, and iodine) in sedimentary rock reference samples [4] . Subsequently, U.S. Geological Survey (USGS) geochemical reference materials were subjected to RNAA, and the data obtained were compared with literature data [5] . The two kinds of carbonate reference materials investigated here, JCp-1 (Coral) and JCt-1(Giant Clam), are prepared by the Geological Survey of Japan/National Institute of Advanced Industrial Science and Technology (GSJ/AIST), and the concentrations of many major and a few trace elements in these materials have been determined [6] [7] [8] . Data about the halogen contents in these materials is expected to significantly contribute to a better understanding of the chemistry of seawater and the marine environment, since halogens (especially iodine) are known to be extremely useful in investigating the geochemical circulation of terrestrial materials [9] . However, to our knowledge, there is not much data on the halogen contents of these carbonate materials.
The present study aims to use RNAA and instrumental NAA (INAA) to determine trace amounts of three halogens in JCp-1 and JCt-1, together with other elements. Based on the halogen data, the differences between the two carbonate reference materials is investigated. The INAA values obtained in the present study are compared with literature values, and the consistency between our data and the data from known literature is evaluated.
Experimental
The procedure of RNAA used in this work has been reported previously [4] and is briefly outlined here. About 110 mg of the two GSJ/AIST materials, together with a set of three reference halogen samples for quantification, were irradiated with neutrons for 10 min, with a thermal neutron flux of 3.3 × 10 12 n cm −2 s −1 using the Kyoto University Reactor (KUR) at the Institute for Integrated Radiation and Nuclear Science, Kyoto University (KURNS). Each material was weighed, inserted into a clean plastic vial that was sealed and then sealed again inside a clean polyethylene bag. The three reference halogen samples were prepared by using a filter paper and chemical standard solutions of the corresponding halogens. An appropriate amount of each halogen solution (containing 90 μg of chlorine, 50 μg of bromine, and 10 μg of iodine) was dropped onto a paper disk with 17 mm diameter, weighed, dried under an infrared lamp and doubly sealed in clean polyethylene bags. When preparing the iodine reference sample, extreme care was taken to avoid loss of iodine the above procedure [10, 11] . The filter papers used in this study have no halogens, or if they have halogens as impurity elements, the amounts of halogens in the filter papers are negligibly small. After irradiation, the two GSJ/ AIST materials were subjected to radiochemical purification for halogens that consists of fusion with NaOH, preparing a supernatant solution containing the halogens using sodium sulfite, precipitation of PdI 2 and a mixture of AgCl and AgBr, and washing the precipitates with HNO 3 . Then gamma-ray spectrometry was performed on the PdI 2 and silver halide precipitates, as well as on a set of three reference halogen samples in order to determine the amounts of neutron-activated halogen radionuclides, 38 Cl, 82 Br, and 128 I, formed in the process. The chemical yields of the three halogens, after the radiochemical purification process described above, were determined by the reactivation method. The chemical yields for chlorine were 87% and 72% in JCp-1 and JCt-1, respectively, for bromine 84% and 66%, respectively, and for iodine 70% and 67%, respectively. The process of the radiochemical purification, gamma ray measurement and yield determination is thoroughly described in Sekimoto and Ebihara [4] .
For INAA studies, about 50 mg of JCp-1 and JCt-1, together with a similar amount of two kinds of USGS basalt reference materials for quantification, BCR-2 and BHVO-2, was irradiated for 4 h using KUR to measure the relatively long-lived nuclides (with half-lives > 24 h; 46 Sc, 59 Fe, 60 Co, 85 Sr, 134 Cs, 140 La, 141 Ce, 152 Eu, 181 Hf, and 182 Ta, and 239 Np) produced by the (n,γ) reaction in each material. As for 239 Np, the (n,γ) reaction is followed by β − decay. Additionally, the nuclides 24 Na, 28 Al, and 49 Ca in these materials were also measured by irradiating the samples for 10 s. Since the Mn content in the two carbonate materials of interest in this study (JCp-1 and JCt-1) is known to be very low relative to that in geochemical materials, irradiation for 20 min was required for the measurement of 56 Mn. For determination of the Mn content, a chemical standard solution of Mn was utilized. An appropriate amount of Mn solution (100 mg kg −1 , typically) was dropped onto a filter paper, which was then dried under an infrared lamp. The filter paper was then doubly sealed in polyethylene bags, and after irradiation, the outer bags were exchanged for new (non-irradiated) ones. The procedure for INAA carried out in the present study is similar to that reported in previous studies [12] [13] [14] [15] .
Results and discussion
The contents of Cl, Br, and I in JCp-1 and JCt-1 were determined by RNAA and is shown in Table 1 . Uncertainties refer to counting statistics (1σ) from gamma-ray spectrometry just after the radiochemical purification, as well as from those in the reactivation process. Information values for Cl have been reported as determined by spectrophotometry (584 and 95 mg kg −1 in JCp-1 and JCt-1, respectively) [8] , which are in good agreement with the RNAA values from the present study, with uncertainties of 3σ. The estimates for the Br and I contents for these two carbonate materials are reported here for the first time. There is a scarcity of reliable and accurate halogen data for these materials. It is envisioned that the halogen data reported using RNAA will contribute to a compilation of such data for a database of GSJ/AIST reference materials.
To probe the utility of the halogen data in interpreting geochemical formations, we have compared the halogen contents in these two carbonate materials with those in nine sedimentary rock materials (RNAA was used to determine the halogen content in all cases [4] ). Since the carbonate materials contain CaO as the major component, the I/CaO and Br/CaO ratios in the two carbonates, as well as in the nine sedimentary rocks were determined and are shown in Fig. 1 . In spite of the fact that the CaO contents in the sedimentary rocks vary over a wide range [0.56% for JSd-3 (stream sediment) to 55.1% for JLs-1 (limestone)], the sedimentary rocks seem to exhibit a good correlation between these two ratios, except for JCh-1 (chert). As for the two carbonate reference materials, JCp-1 (Coral) also shows a reasonable correlation between the two ratios, implying that fractionation between Br and I may not have occurred in the formation of a coral like JCp-1 and the sedimentary rocks, except for JCh-1. On the other hand, JCt-1 (Giant Clam) clearly does not exhibit such a correlation, suggesting the possibility of fractionation of I from Br during its formation. To compare the halogen contents in the carbonate materials with those in the sedimentary rocks, I/Cl and Br/Cl ratios in all these materials were calculated and are shown in Fig. 2 . Here, the sedimentary rocks are classified into two groups (the rocks in seawater and those in inland water). The ratios corresponding to sedimentary rocks in seawater (denoted by closed triangles) tend to be lower than the ratios for the sedimentary rocks in inland water (represented by closed circles). This can be attributed to the fact that sedimentary rocks in seawater are affected to a greater extent by the high chlorine content in seawater. Since the two carbonate materials, coral and clam, are both found in seawater, it is reasonable that JCp-1 and JCt-1 exhibit lower ratios than the four sedimentary rocks in inland water. The ratio of I/Cl for JCt-1 is lower than those for the five sedimentary rocks in seawater, as well as lower than that for JCp-1 by more than one order of magnitude, also suggesting that iodine may have been fractionated from Br during the process of formation of JCt-1.
The INAA results for JCp-1 and JCt-1 are tabulated in Tables 2 and 3 , respectively. The INAA data from this study appear to be fairly consistent with INAA data reported in the literature [6] except for Co in JCp-1, and with some of the ICPMS data [8] , but are clearly inconsistent with data from some other ICPMS studies [7] . It would be useful to include data from the present study in a database of GSJ/ AIST reference materials, for easy comparison with data from other techniques.
Conclusions
Radiochemical NAA was used to estimate the halogen contents (Cl, Br and I) in the carbonate reference materials, JCp-1 and JCt-1, while the abundances of other elements in the same samples were determined by INAA. A comparison of the halogen data between the two carbonate materials and the sedimentary rocks indicate a depletion of iodine content in JCt-1, implying that JCp-1 and the sedimentary rocks may not have undergone the fractionation between Br and I during their formation, whereas JCt-1 is likely to have undergone the fractionation of I from Br during its formation. The INAA data from the present study is found to be consistent with INAA data reported in the literature [6] . However, there are inconsistencies in the values for Mn, Cs (in JCp-1 and JCt-1) and Co (only in JCt-1) contents between the INAA data and the data reported using the ICPMS technique. 
